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SELF-CENTERING SWPORTS: MA!WFACTiJREAND EVALUATION

Harold A. Mackay
Materials Science and Technology Division

Los i,~amosNational Laboratory
Los i4kmos, NM 87545 -

Abstract

A variety of engineering and ‘
I

experimental applications require ,

primary suppoxt structures which
I

are self-centering. High mechani- ,

cal strength, low-density, carbon t

fiber/epoxy matrix composite

6prlnge are used in unique planar,

cylindrical, conical, and spherical ,

configurations to self-center,,~
,.,.. - .,-V,-,L--,:,.-;. - .-— —
umponante. fie’- ai”nuaoidal and ,

I
triangular-shaped composite springs ,

are readily manufactured and !

aesembled into component hardware. ‘

Design
I

conoiderationa, flexural

mtrength properties, load bearjng ;

and cmtcring data plus procedures :

for the manufacture of compGsite

springs are presented.

Keywords:

self-renterlng spring

carbon fiber reinforcement

epoxy matrix binder

composite spring

1. INTRODUCTION

The purpoac of this investigation

wa~ to deviH~ n configuration and

mt?thod for 6upporting component~

within planar.

and spherical

waa desirable

I

cylindrical, conical.

configuration. It

that the support :

structure have high mechanical ~

strengths, low density, and

provide the allgnment necessary to

achieve planar, axials aud

spherical self-centering of

components. Furthermore, it waa ,,

also desirable that the support.,-,-. -:..-.-.
device be ‘easily “&anufacturad,

require a minimum of machining or

‘dressing prior to use, and lend

iteelf to conventional means of

‘attachment, typically by adhesive
I
bonding or pinning.

Applications for self-centering

structures are manifold. These

include, but are not limited to

mirrors and shielding in planar

configuration; cooling and heating

ducts; centering of reactor fuel

rods and solar heating dcvicea i:sr

cylindrical shapes; maintaining

center of gravity in conical

~huped re-entry vehlclea; nnd

explosive studicn, and apticeshuttle



and magnetic fusion -perimenta for

spherical configurations.

2. MATERIALS ANT PROCESSING

2.1 Composite spring design Jn~

manufacture

2.1.1 Material selection. Advance-

corupmsltes based ‘u carbon fib~r
.—- . ..

“and Kevla~

terphthalami.de

reinforcement) ,

binders provide

(a polyphenyl.er~

crystalline fl~:,1,

with epoxy resin

high strungth-*a-

, weight ratio structures commonly

!used
I

by the aircraft Iudhstry.,

~Although Kevlar provides a tougn~r

!composite, it does not have the

high modulus and strength in com-

pression inherent in carbon fibers.

For this reason, inittal investiga-

tive efforts were directed to the

development of a carbon fiber/epoxy

matrix composite ae a candidate

~material for composite springs.

“2.1.2 SprSng design considers-’
.— —.. .,J: : .— — .. -.
‘tion6. Oth*r than carbon fiber

~type and ●pox,y matrix, there are,

design considerations that affect’

the performar.ce of the composite

spring an shown in Fig. 1. These

include the contact angle radii;’

the spring length, thickness, and

width; the anglea of the spring;

and any filleting of adhesive at

the spring/substrate contsct tingle.

2.1.3 Mold desi~n. Three-part

split molds ara deslgncd for planar

a~tdcylindrical shapes to produce a

one piece. EIiXpoint contact, @elf

ccnturing ~Prlng (Fig. 2). The

o.d. I.tf.dimensions are Increaaed

0.25 mm in order to plrce the

spring in compre~sion and imprwc

centering chardc:.‘.stics. By

mz:ling grooves 0.5 unn in dept~

along the width of the spring,

parts cac be produced that ao not

require machining. Any neceeeary

dcflashing can be done with a belt
--

sander. Ic=tially, the deslba 1:
-..—— ..- --.—— ——— ---- ...

pro~!dcd contacts of equal length

at the o.d.-i.d. nodal points.

All radii were 0.635 cm. There

were no design data for selecting

thLs or any other radius. Other

spring deslbns retained the!

original od. contact length but

varied the id. co accommodate

various internal designs; :t*is

necessitated a change in the id.

contact length. Although a step

series of six-point con:act

springs can be uaed~ a aingla tide

spring for a conical shape is more
----

complex and requires a different “,, ,

mold aesim... . .,p:g=T~>’T —-

~“~ spherical shape, althou~h more

complexB requires relatively,

, simple two-contact point springs

‘ (Fig. 3} and four are needed tu

, center a sphere within a sphere 2J
,
a tetrahedral confi&urntion.

:.1.4 Silicolw pKeEISQr* p,gd

preparation. The function of the

silicone prac4uure pad is to

-provide later~l pressure, thereby

forcing the carbon fiber ●poxy

prepr~g tape into the milled

grooves of the meld during cure in

the preus. The mold is placed on

a ~iln~tic pad in a uutoclavu.

Dow Corning RTV 3i2fl ailccne

rubber or R~ 3110 in mixed with

ciILnlystS, dcg6ti~et.1,i!nd then



poured into the mola. ‘lnesx~xconc

is cured at 65*C under 5.6 kg
-2

cm pressure foY 16 hours. After

curing the silicone pad is removed

from the mold and *rimmed. A Viton

rubber insert is also used to force

-the RTV silicone against the
——— ——— .- -..—. .—..—— -. —- ..- -

“prepreg tape during press cure.

2.1.5 Prepreg tape preparation

Commercially available prepreg

tapes can be used to prepare the

composite springs. Flowever, the

tape can be prepared in the
1
laboratory when only a few hundred

grams of material are needed for a

given application. In these ilL-

stances, Mylnr film. was taped to

both sides of a 15 x 75 x 1.8 cm

wood board wit,h 0.635 mm spacings

between sets of nails at the ends.

Eleven strands of Union Carbide PAN

, based carbon fiber or 14 strands of

Hercules AS-4 PAN based carbon---,...-—— ———- — .
fiber were ‘h:a;d:’wo~ndbetween the

spacinRs to provide a parallel,

unitiirectional nesting of carbon
!

fiber tow.

A pure diglycidal ether of bisphe-

nol A (Dow Chemicalfs DER 332) was

cured with a stoichiometrlc quan-

tity of methylene tlianillne,

(4,4’-diaminodi}~henylmethane) MDA.

The MDA wae liquified by heating to

90eC, epox:’ reBin was added, the

mixture was stirred until visibly

uniform and then was cooled to 50”C

for u~e.

Tl~e resin/curing-age\ltmixture was

brushed ou the carbcm filaments,

wet, but not oversaturate, the

fibers with an excess of resin.

The Impregnated tape wafi allowed

to B-stage at room temperature for

approximately 36 hours or until

the right degree of handling.tack-
— - ---.- - ---— .—.-— — --— --— — ——- . -

was obt~ined. The tape was then

stored at -?.5°Cuntil used.

2.1.6 Prepreg tape forming, cure

and part dressing. A 6.35 mm band

of prepreg tape was finger-pressed

into a groove of the mold which

had been coated with Csmie mold

release agent. Occasionally, a

hot air @n was used to facilitate

forming of the tape at the radii
I

points. The single joint was

scarfed and overlapped one (1) cm.

The silicone pressure pad was

inserted into the mold cavity

assembly and backed with e rubber

pad. The assembly was then placed
..: .-- .—- -.—..-
‘ in a compression press, two tons

of pressure were n~plied, and the

assembly WRH allowed to heat-cure

for 90 minutes at 135”C. The m~ld

was removed and disassembled after

cooling. The cured sp~inga were

removed, separated, nnd the

flashing removed by sanding on a

belt fiander. The adhesive contact

poiuts were also Banded to provide

a roughened surface for adhesive

bonding.

2.2 ComLL*site-sprin~assembly

2.2.1 Plannr ccmfiguratione.

Planar configurations are the

easiest to coml~lete. The apringe

are inserted in groove in the

oub8trateG for allgnmcnt and



l=u WY --’’=--”- ----- —--- ‘– —-

dhesive bonding or some means

than!cal fastening Is needed

event slippage of the compo-

around the springs. In this

~ce, an epoxylversamid ;eneral

Be adhesive is adequate,
,-—— —— ———- -..—..-.—--- ...-.—
Ugh two-component urethanes

almost equally well but have

r short working times.

Cylindrical configurations.

ally, cylinders are a

ication of J!planar configura-

assembly however is more

Icated. A series of

mded or mechanically

]e of the substrates

inner cylinder) which

ted into the larger

springs

attached

(usually’

then is~

diameter

der. Adhesive is then

ted under each of the outer

I:t nodes for stability and

mency (Fig. 5). Alterna-.. ..—.._.—--.— ::.--
y, the inn~r’-;or>assembly may

~tated into precut grooves in

outer cylinder wall which :

Iin adhesive.

) Conical ccw!’-~urations.

:al configurations are

!ications of cylinders and are,

~ding on the cone angle,

$hat easier co assemble.

i Spherical confl~urations.

]ugh the springs are r[adily

lcated, their placement within

~hells requires ttic Uac i)f a

~ring device (Fig. 6) t[~place

Bprings at a 109.5° tetrahedral

c. One set of fiprings is

Pd to a ~phere tind hcmishe]l,

the other spring set is bonded

.- ~——–

Adhes~ve is applied to the springs

of this hemlshell half and to the

hemishell equatorial surfaces. The

hemishell halves are then assembled

(Fig. 8) and allowed c: cure.

2.3 Composite Spring Characterize- ;:
---- .-. -.
tion. specific characterization

criteria were selected for

evaluating lightweight, high

strength, self centering composite

springs used as load bearing

supports. From Fig. 9 it would

appear that flexure and compres-

sion most likely are the two types

of loading that the composite

sprin~ would be expecred to see in

end use.

2.3.1 Flexural strength properties—

of composite sprinfqs. Beam

bending or flexure uioet nearly
-.

represent the type >f loading the .-_l .

composite spring are expected to
.,-.——— - ,-—_—__ .
‘encounter in end use. t.ccordingly,

miniature flexura~ specfukenswere

cut from the composite springs.

These specimens wer~ taken from

the three outer diameter section

lengths in cent.ectwith the outer

wall. The slightly curved

specimens wer. tested, as nearly

as possible, in compliance with

ASTM D790-71 by MST-6 Physical

Metallurgy Section. The results

obtained ure tabulated in Table I.

2.3.1 load bearing charocterlscics——

of composite nprings. A test

fixture was dealgued (Fig. 10) for

evaluation of the composite

springs in a simple planar

configuration. The di~~ and rinu



inserted into the grooves

bonded in place. Failure modes

for the “Y,” inverted “Y,”

and

were

and

perpendicular to the plane of

loading. These are representative

of the support and translational
.— .—.—— — — -- —--. — — - ..-

loa~~ng that the composite spring

could be subjected to in end use.

Results obtained for several

o.d:i.d spring diameter ratios are

tabulated in Table 11 and Fig. 11.

Testing was performed by MsT-6

Physical Metallurgy section. ‘

2.3.3 Self centering characteris-

tics of composite springs. The

self-centering characteristics of

composite springs were determined

using the simple planar configura-

tion that was used for load bearing

-tudies. The adhesive bonded

assembly was cured in a horizontal

position on a sheet of Teflon filui.
..—-—— :2?) c“-: - ———.

The o.d.fi.d. riiatances were

UAe8SUrL?d at the SIX nodal contact

points between the inner and outer

substrates. These data are tabu-

lated in Tqble III.

2.3.4 Carbon fiber resin ma;:-ix

ratios. Within certain limits, the

ratia of fiber reinforcement to

binder directly relates to the

mechanical strength properties of

thq composite, and the “Law of

Additives” i~ applicable. Since

carbon fibere are not affected by

concentrated sulfuric acid, the

resin content of the composite

spring can bc determined by

dis~olving the cured epoxy binder

with tiulfl]ricncid at 60”c. The

the acid once the epoxy is

dissolved, rinsed several timess

with water, dried, and weighed.

The volume percentage compositions

of the composite are determined

from known fiber and cured resin ‘“..-— —.— ..—--—- —.--— ———. .... .
densitdes.

3. RESULTS AND DISCUSSION

The flexural s~rength properties

tabulated in Table I were determined

from “as molded” carbon fiber/epoxy

matrix composite springs display

the expected range of values

consistent with fiber matrix-rein-

forcement ratios. Composite spring

configuration is not a factor in

this instance. A carbon-pitch

fiber, Thornel VSB-32T,

although having a high modulus,

did not perform as well due to ---
brit~.lefracture at lower ultimate ,-

strengths. Work was discontinued>-— ..-—.. ,~-: .,,.----- _-._..

in favor of” the “tougher” PAN

based carbon fibers whip.h served

as the basis of this experimental

wor;,.

Assuming that a plane containing

one f3elf-centering spring ia an

●lement of a cylinder, load bearing

teats should be applicable to both

planar and cylindrical configutions.

The spring is a three-point, (six

ncdal contacts) support ayatem,

therefore, bearing loads are

6s$lociated with !1Itthe Y and

I,nverte.d“Y” orientations. Loads

perpendicular to the plane of the

spring are translational and n~t

affected by the “Y’Sorientations,

Gupport-load data from Table II and



spring orientation a~d o.d.:i.d.

ratio affect in-plane strength as

well as out-of-plane Crar:slatlonal

loading. The smaller o.d.:i.d.

ratios provide higher suppert

loads, and the inverted YIIfl
——— —.. — —— ----.-—-—.——.—— .

position which is counterpart

stronger than its. Since the

spring angles were held constant on

cylindrical configurations, pert of

this difference may be attributable

to unequal cord lengths of the’
I

diameters at varioua o.d :i.d.”

ratios. Thus at a high o.d.:i.d.’

ratio in the “Y” ---”-”

applied load can

wedge, resulting

shear and adhesion

poszclon, an

function as a

in preliminary

failurs. Test

.-.—
..,,

.,.,,, ,. .:”,,. .

values perpendicular to the plane

of the sFring are t3ignificantly

lower, noticeably at the higher

o.d.:i.d. ratios. A force applied
— —— .— -.- ---:,,- -——.-
on this plane-”is‘not-abearing load

but rather one of peel, shear, and
1

adhesion when the smaller id.

substrate is moved in and out of
,

the spring plane. Although

In-and-out of plane bending can be

reduced by increasing the width of

the spring at least at the contact

points, It is not a cure-all,

because excellent bondg between the

spring and substrates are a

prerequisite. T)~e

failure arc in

illustrated in

first signs of

adhegion. This

Table 11, and

although it ib not destructive to

the integrity of the spring

assembly it begirw to occur by MU

much as 50 percent of the -uI.timate

Table 111, selt cencerlng LB

obtained as l~ng es there Is a

small degree of compression in the

spring assembly. Stabilization is

required for permanency.

Stabilization is achieved - hy ,,-_’.-. .--... --.—.-.-—-—--— -..
adhesive bonding or pinning at the -

nodal contact points to obtain a

truss-like structure. As illustrat-

ed in Table III, there appears to

be no consistency in the self-

centering of carbon fiberlepoxy

matrix composite springs at

various o.d.:i.d. ratios.

Off-center deviations range from

0.004 to 0.008 mm. Normally it

would be expected that the higher

o.d.:i.d ratio springs, which

provided less support, would be

more likely to demonstrate maximum

off-center deviations.

4. SLM!4.ARYAND CONCLUSIONS ‘“
--- ---- .—

Two- and three-part-breakaway;=-

press~on molds were designed for

the fabrication of carbon fiber/ ‘

epoxy matrix composite springs.
I

Molds have grooves for containment

of the prepreg tape which is

manually formed into place. A

silicone pressure pad provides

lateral pressure during cure at

135°C for 1.5 hours under low

Fressure. Springs are adaptable to

planar, cylindrical, conical, and

spherical configurations and can

be used for a variety of applica-

tions requiring self centering.

~~cxure ~trength propertitisdeter-

mfrjt~dfrom the “as-molded” Gprings

provided vnl,uesof lf4?.5-1940Ml’s



ultlmace s~reng~n Ullu UUUUJ.A WA

110-190 GPa at 48-54% fiber content

by weight.

Although the composite springs

automatically lend themselves to

self-centering, stabilization is

required for permanency. This is
—,- ._-— -----......—___ ...-—_

done by–b;nding the springs to the

substrates with either a general

purpose epoxy or urethane adhesive,

or by mechanical attachment. This

provides a

capable of

the weight

strate both

stable truss which is

supporting many times

of the internal sub-

in the “Y” and inverted

“Y” positions. Support load capa-’

bilities of composite springs are

configuration dependent. Lower

o.d:i.d. ratios support higher

loadings than do higher ratios, and

the inverted “Y” position provides
,.

the greatest load bearing capability.,.’.”-,.

-“w~”.... -=. --.=- —.——_ ~ _ _ ~ ~ __ _

loading is preceded by a failure

in adhesion at one or more of the

nodal contact paints. At ~OW

o.d.:i.d. ratios, initia-.failure

can also be by intralaminar shear

within the conposite spring. ~::
.—— —.— — - —-——-—— —.— — _ _

Ultimate failure (rupture) is

generally in fl.exurein the invert-

ed “Y” position. Transverse loads

perpendicular to the plane of the

spring fail at lower values

those measured at either of
IIIIY positions. Failure

generally by adhesion and

than

the

is

peel

modes. Again, the higher

o.d.:i.d. ratios have the lowest

values. Improved adhesive-bonding

techniques or alternate methods of

fastening

place are

~tudy nnd

the composite springs in’

areas requiring further
-,.-

improvement. ,’,.-.—.

-,- ----:.-., =~-:

AFFECTS FLEXING. CONTACT ANGLE RADIUS
/“s/ AND SELF CENTERING

●SPRINQTFIICKNESS

● SPRING WIDTH

● CONTACT ANGLE

● FILLETff10

c SPRING LENGTH
BETWI!I!NDIAMETER8

AFFECTS FLEXING
ANO OD:lDRATIO
LMTS

AFFECT8FLEXlN~

APFECTS ●UCKLINO
AND TRANSVERSE
LOADINO

Fig. 1. Design considerations affecting performance of sclf-

centering carbon fiber/epoxy matrix composite springs.
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Fig. 2. A three-part split mold

----
= ,“.

.-, ,
-, ,

.-

with retainerring,

silicone pad, compos-

ite spring and prepreg

tape.
=.J:y~lp---!.-..

.‘v -,\\

I

I

i:

I

‘“ ‘“+.. .*
,., ..,

------ ..- “ L—..:. . .- .— ..—

Fig. 4. Self-centering composite

spring in ● plandr con- ~
I

figuration. 1
I

I
Fig. 3. A two-part split mold ;

with silicone pad, com-

posite spring and pre- ‘

preg tape.

Fig. 5. Self-centering composite

sprin8s on a cylindri-

cal confiRurJtion.
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Fig. 6. Fixturing device fur pre-”~
1;

paring a self-centering ~~

spherical configuration. l;
-----.-..-—..

~;;~:;;i~
-..—

,.-— —

Fig. 7. Sphere supported by con- ,

posite springs withti a

hemishell. “1
,1

—., ..v, — -..

;, f

. ..,

,

,,
.,..

. .,.
ML---

1
Fig. 8. Self-centering springs

in a spherical con-

figuration.
.!—.-. -..

LEGEND:
L
F
c
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Fig. 9. Failure modes
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FLEXURALFAILURE
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for carbon fiber/epoXy ❑atrix composite springs.
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Test ftiture for

determining support

load strengths of

carbon fibcr;epoxg ❑a-

trix composite springs.

.-
—..- _ ...-— — .- —- .’ ____

., . ---- ?-- -- .,+

so 1 i I I I I I ‘- l—-~r

. TESTED IN A DIRECTION

~ 40 -
A TESTED lNY~lRECTION
● TESTED IN1 DIRECTIONw

SPRINGS 6.35 mmWIDE,
s 30 _
~

0.5mm THICK

+
a 20 “
o
:
= 10 “
(0

“~
~a

o I I I ~-.l- I
1.3:1 ‘~.4:1 1.5:1 1.6:1 1.7:11.8:11.0:12.&l 2.1:12.2:12.3:1

OD:ID RATIOS

Fig. 11. Support load strengths of composite springs in three

tions and at 6everal OD:Il)ratios.

I

orienta-
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FLEXURAL STRENGTH PROPERTIES OF UNIDIRECTIONAL
~ QBON FIBER/EPOXY MATRIX COMPOSITE SPRINGS

rLEXURAL STRENGTH FIBER CONTENT
ULTIMATE [MPQ MOLNJLUt [GPd WEIGHT (%) VOLUME (%)

Iwl 191 63.C8 43.78

7772 16s 6236 42.70

1482 161 40s9 4030

1427 112 47= 3s32

MATRIX: DOW CHEMICAL. PLASTICS DEPAklmENT; DER 332/lAETHYLENE
DIAdl LINE (4,4’- DIAMIN091PHENYL METHANE), DENSITY 1.20

FIBER: UNION CAR@ IDE CORPORATION, CARBON PRODUCTS DIVIS)ON;

THORNEL 300,33 M p! MODIJLUS, DENSITY 1.77
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‘rABLE II

SUPPORT LOAD CHARACTERISTICS OF CARBON FIBER/EPOXY

~D RATICI WEIGHT (~)—.

1s2:1

1.-:1

1.460:1

1.460:1

2. CCE:l

2270:1

2270:1

2270:1

26.27

3.4. w

X4. 3.6

3.4.3,6

20.3.1

3.4.3.7

3.4- 3.7

3.4 -3,7

MATRIX COMPOSITE SPRINGS

ULTIMATE SLk~RT LOAD {k~)

A DIRECTION Y DIRECTION I OIRECTION

3%77

3b.36

a.az

16.00

2205

11.3s

1Z26

7.15

FAILURE MODES

ULTIMATE lNiTIAL ~)

FL AD 20.46

co AD 1W66

FL AD 4.18

AO AD 6.37

FL AD ~7,27

AD AD 5.m

FL AD 6.46

AD AD 4,02

CODE: FL - FLEXURE FAILURE

co - COMPRESSION FAILURE
AD - ADHESION FAILURE

ALL SPRINGS 6= -636 mm WIDE, LI.66 - 1,~ mm THICK

TABLE Ill

CENTERING CHARACTE171S11CSOF CARBON FIBER/EPOXY
hlfiTRIx COMpOslTE SpRINGs

bPRING——
OD:ID RATIO

1362:1

IAGO:l

2D05:1

2270:1

QO - ID DIFr ERLNCES AT 180L NODAL MI DOOINTS(cm) M +XIMUM DEVIATION [cm)- .—. ——
A 0 B E ~~ 180° OFF-CENTER

.- —

2220 2222 2226 2.22’0 2231 2219 0D12 o coo

3,111 3.10b 3.110 3.108 3,117 3.109 Onlo 0.006

4566 4558 4557 4,665 4.F88 4 .5W o.Goe 0.004

6M2 65bo b,~~l b.mo 6 LirM 6 _63fl 0L)16 OJM6


